Objective: Short-term energy deprivation reduces leptin concentrations and alters the levels of circulating hormones of the hypothalamic-pituitary-peripheral axis in lean subjects. Whether the reduction in leptin concentration during long-term weight loss in obese individuals is linked to the same neuroendocrine changes seen in lean, leptin-sensitive subjects remains to be fully clarified. Methods: In this study, 24 overweight and obese adults (16 women and eight men; body mass index (BMI): 27.5-38.0 kg/m 2 ) were prescribed a hypocaloric diet (K500 kcal/day) and were randomized to receive recombinant methionyl leptin (nZ18, metreleptin, 10 mg/day self-injected s.c.) or placebo (nZ6, same volume and time as metreleptin) for 6 months. Results: Metreleptin administration did not affect weight loss beyond that induced by hypocaloric diet alone (P for interactionZ0.341) but increased the serum concentrations of total leptin by six-to eight-fold (P!0.001) and led to the generation of anti-leptin antibodies. Despite free leptin concentration (P for interactionZ0.041) increasing from 9G1 ng/ml at baseline to 43G15 and 36G12 ng/ml at 3 and 6 months, respectively, changes in circulating hormones of the thyroid and IGF axes at 3 and 6 months were not significantly different in the placebo-and metreleptin-treated groups. Conclusions: Leptin does not likely mediate changes in neuroendocrine function in response to weight loss induced by a mild hypocaloric diet in overweight and obese subjects.
Introduction
The inability to maintain weight loss in the long term (beyond 6 months) (1) likely involves a compensatory decrease in energy expenditure (2) . Several alterations in neuroendocrine function induced by weight loss, including changes in circulating hormones of the thyroid hormone and GH/insulin-like growth factor (IGF) axes, have been proposed to underlie this phenomenon (3) (4) (5) (6) .
Leptin is an adipocyte-secreted hormone with pleiotropic neuroendocrine actions pertaining to energy homeostasis (7, 8) . Animals and humans with severe hypoleptinemia or complete leptin deficiency, even when obese, have neuroendocrine abnormalities similar to those seen in response to starvation; these abnormalities are alleviated by exogenously administered leptin (5, 9, 10) . We have made similar observations after 3 days of total fasting in healthy lean subjects whose leptin concentration fell well below normal (11) but not in those in whom leptin concentration fell but remained at the low normal range (12) . Available information in obese subjects, who are typically hyperleptinemic even when they lose weight, is inconclusive. In one study, replacement doses of recombinant methionyl leptin (metreleptin, formerly known as r-metHuLeptin), administered sequentially after weight loss induced by a very low calorie liquid diet, completely restored the weight loss-induced changes in thyroid hormones (13) , whereas pharmacological doses of recombinant leptin during weight loss induced by semi-starvation in another study had no effect on thyroid hormone and IGF1 concentrations (14) . The severe calorie restriction (energy intake of 500-800 kcal/day) and accelerated rate of weight loss over a short period of time (w10% within 5-10 weeks) in these studies (13, 14) do not allow extrapolation of these findings to a more physiological setting, where mild dietary energy restriction slowly induces weight loss over a 6-month period before body weight starts plateauing (1) . This is important because the degree of energy deficit not only determines the degree of hypoleptinemia but may also affect weight loss-induced physiological responses to leptin treatment (14) (15) (16) .
The aim of this study, therefore, was to evaluate the effect of metreleptin treatment (to increase serum leptin concentrations) on the changes in circulating hormones of the thyroid and IGF axes in overweight and obese subjects during weight loss induced by a mild hypocaloric diet over 6 months. Because free leptin is presumed to be the biologically active form of circulating leptin (17), we have developed an in-house assay for measuring, for the first time, free leptin levels after metreleptin or placebo administration in obese subjects during weight loss.
Methods

Subjects
This study was a post hoc subset analysis of data from a larger study of 208 obese (body mass index (BMI) O30 kg/m 2 ) and overweight (BMI O27 kg/m 2 with one or more comorbidities, including hypertension, dyslipidemia, and glucose intolerance) individuals who participated in a 6-month, double-blind, randomized phase II clinical trial, designed to examine the weightreducing and metabolic effects of metreleptin, that was conducted between 2000 and 2004. Exclusion criteria for the original trial included recent changes in body weight (R3 kg in the past 6 months), diabetes mellitus, HIV infection, hypersensitivity to Escherichia coli, pregnancy, and use of medications. Subjects eligible for the subset analysis (nZ24; 16 women and 8 men; age: 23-67 years; BMI: 27.5-38.0 kg/m 2 ) were only those who achieved at least moderate and clinically significant weight loss in response to the 6-month dietary intervention (R8% of initial body weight). This allowed for evaluating the role of leptin in regulating hormonal changes independent of the significant, albeit small effect of pharmacological metreleptin administration on weight loss (14, 18) . The study was approved by the Beth Israel Deaconess Medical Center Institutional Review Board. All subjects provided written informed consent before enrollment.
Experimental protocol
Subjects were prescribed a hypocaloric diet designed to reduce their daily energy intake by 500 kcal and were advised to follow this reduced calorie diet for the duration of the study. They were randomized (using a 3:1 ratio) in a double-blind fashion to receive either metreleptin (10 mg/day split in two equal doses, which were self-injected s.c. at 0800 and 2000 h) or placebo (same volume and timing as leptin) for 6 months; metreleptin and placebo were supplied by Amgen, Inc. (Thousand Oaks, CA, USA). A total of 18 subjects on metreleptin (half men and half women, age: 23-41 years) and six on placebo (all women, age: 24-67 years) managed to lose R8% of their initial body weight and were included in our analysis. Outcomes were assessed at baseline and after 3 and 6 months of treatment. On each occasion, subjects arrived at the laboratory in the morning, following an overnight fast. Body weight was recorded to the nearest 0.1 kg and a fasting blood sample (w20 ml) was collected by venipuncture. Serum was separated by centrifugation for 15 min at 2056 g and was stored at K70 8C until assayed.
Sample analysis
Leptin, soluble leptin receptor, TSH, total and free triiodothyronine (FT 3 ), total and free thyroxine (FT 4 ), IGF1, and IGF binding proteins (IGFBPs) 1 and 3 were analyzed by immunoassays as described previously (9) . Soluble leptin receptor was measured with a commercially available ELISA (R&D Systems, Minneapolis, MN, USA) with a sensitivity of 0.057 ng/ml, inter-assay coefficient of variation (CV) 5.3-8.6%, and intra-assay CV 2.2-6.1%. Serum-free leptin was measured by RIA (Millipore, Billerica, MA, USA) with a sensitivity of 0.5 ng/ml, intra-assay CV 3.4-8.9%, and inter-assay CV 3.0-6.2%. Serum for all free leptin measurements underwent a pre-incubation in a 37 8C water bath for 2 h, followed by treatment with equal volume of g-polyethylene glycol (PEG; Immucor, Inc., Norcross, GA, USA) for 10 min, vortexing the tubes every 2-5 min. Following incubation, the samples were centrifuged at 585 g for 20 min and the sample was removed without disturbing the pellet for assaying. Reported free leptin values have been corrected for 1:2 dilution by pre-treatment PEG solution. All samples for all hormonal evaluations were run in one assay to eliminate inter-assay variability.
Serum anti-leptin antibodies were determined by a colorimetric sandwich ELISA developed in-house. Briefly, 50 ml recombinant human leptin (R&D Systems, Inc.) at a final concentration of 10 mg/ml in PBS, pH 7.4, were plate-bound to a 96-well ELISA plate (PBI International S.p.A., Milano, Italy). After incubation for 16 h at 4 8C, the plates were extensively washed with PBS/0.05% Tween-20, blocked with 200 ml PBS/10% FCS for 2 h, and were repeatedly washed. Diluted sera in PBS-0.05% Tween-20/10% FCS (from 1/10 to 1/1000) were added at 100 ml per well and incubated for 4 h at room temperature. After five washes, goat anti-human polyvalent immunoglobulins alkaline phosphataseconjugated Abs (Sigma-Aldrich), 1/30 000 diluted in PBS/0.05% Tween-20/10% FCS, were added at 100 ml per well for 1 h. The reaction was developed with Sigma-Fast p-nitrophenyl phosphate (pNPP, alkaline phosphatase substrate; Sigma-Aldrich) and read after 30 min at 405 nm in an ELISA plate reader (Bio-Rad Laboratories). Standard curves of anti-leptin antibodies were developed in each assay using an anti-leptin neutralizing MAB generated in our laboratory (971212 MAB). Anti-leptin antibody concentrations were calculated from O.D. values after extrapolation from standard curves of known concentration of anti-leptin antibodies.
Statistical analysis
Analyses were performed with PASW version 18 (IBM SPSS, Inc., Chicago, IL, USA) and results are presented as meanGS.E.M. Data were analyzed using repeated measures ANOVA with time (0 vs 3 vs 6 months) as within-subjects factor and treatment group (placebo versus metreleptin) as between-subjects factor. When significant interactions emerged, the analysis was repeated for each group separately. Post hoc comparisons between time points were carried out by the LSD test. Adjustment for differences between groups in age and sex distributions was performed using analysis of covariance and examining the time-by-sex and timeby-age interactions. A two-tailed P value !0.05 was considered statistically significant.
Results
By design, body weight decreased significantly throughout the 6-month period (P!0.001), with no significant difference between groups (PZ0.558) or interaction with treatment (PZ0.341; Fig. 1A ). There were no time-by-age (PZ0.979) and time-by-sex (PZ0.178) interactions. Weight loss from baseline was 8.2G1.3 and 9.2G1.1% in the placebo and metreleptin groups, respectively, at 3 months and 10.2G1.7 and 12.7 G1.2%, respectively, at 6 months (PZ0.642 at 3 months and PZ0.281 at 6 months, for the differences between groups).
Significant interactions were detected for serum leptin (P!0.001) and free leptin (PZ0.041) concentrations; both increased (P%0.025) in metreleptintreated subjects by 3 months (and remained elevated at 6 months), contrary to placebo-treated subjects (PR0.2; Fig. 1B and C) . Although the interaction for soluble leptin receptor concentration failed to reach significance (PZ0.107), within-group analysis indicated that it increased by 15-20% after metreleptin (PZ0.003) but not after placebo (PZ0.233) treatment (Fig. 1D ). There were no time-by-age and time-by-sex interactions for serum leptin (PR0.29), free leptin (PR0.48), and soluble leptin receptor (PR0.46). Antileptin antibodies were detected in ten (56%) metreleptin-treated subjects after 3 and 6 months of treatment; antibody titer concentrations averaged 76G12 and 68G6 mg/ml. Serum IGF1 concentration increased and FT 4 , total, and FT 3 concentrations decreased following hypocaloric diet-induced weight loss (all P%0.01), whereas the concentrations of IGFBP1, IGFBP3, TSH, and total T 4 were not altered, in both the leptin-and the placebotreated groups; no significant differences between treatment groups (metreleptin versus placebo) or treatment group-by-time interactions were detected ( Table 1) . With respect to all measured parameters, there were no significant differences in the hormonal responses to weight loss between subjects with and without anti-leptin antibodies (data not shown), nor were there any significant time-by-age (PR0.24) and time-by-sex (PR0.13) interactions.
Discussion
In agreement with the previous literature (3, 4), we found that weight loss reduced total and FT 3 concentrations, reduced FT 4 but did not change total T 4 concentrations, and did not affect TSH concentration. We also observed a mild increase in IGF1 concentration and no change in IGFBPs, which is to be expected given that obesity is associated with low normal IGF1 concentrations (3, 19) . Administration of metreleptin in pharmacological doses resulted in supraphysiological total serum leptin levels (the majority was bound to anti-leptin antibodies), but also increased circulating free leptin levels in the high physiological range for obese subjects. Nevertheless, it did not affect nor did it reverse changes in hormones of the thyroid and IGF www.eje-online.org axes in response to moderate weight loss induced by a mild hypocaloric diet for 6 months in overweight and obese individuals. Our results thus suggest that under conditions of weight reduction usually observed in clinical practice (i.e. slow rates of weight loss over a relatively prolonged period of time), leptin is not a likely key factor mediating weight loss-induced changes in endocrine function. Our findings are in sharp contrast to the observations that exogenous leptin administration in conditions of absolute or relative leptin deficiency in both animals and humans improves neuroendocrine axes (5, 9, 10) and suggest that leptin has a permissive effect in mediating the endocrine response to energy deprivation, i.e. it is efficacious in hypoleptinemic, leptin-sensitive states but is not efficacious in hyperleptinemic states that remain resistant or tolerant to its effects. We have previously reported that metreleptin substantially blunts the changes in gonadal, adrenal, and thyroid axes in hypoleptinemic male mice (5) and improves reproductive, thyroid, and IGF axes in hypoleptinemic women with exercise-induced hypothalamic amenorrhea (9), i.e. conditions in which acute or prolonged energy deprivation results in circulating leptin levels below normal. Similarly, we have previously reported that preventing the fall in serum leptin in response to shortterm starvation in normal-weight men also prevents some of the starvation-induced neuroendocrine changes, i.e. blunts the suppression of TSH pulsatile secretion and increases FT 4 concentration (11). However, in normal-weight women, falling leptin levels to the low physiological range after 3 days of total fasting were associated with much less pronounced neuroendocrine changes, and metreleptin administration in replacement doses had no effect on any component of the thyroid and IGF axes (12) . Similar results have been reported for changes in FT 3 , FT 4 , and IGF1 concentrations induced by semi-starvation in obese subjects (14) . Our findings confirm and extend these observations, by demonstrating no effect of metreleptin treatment on thyroid and IGF axes in response to modest weight loss induced by mild dietary intake restriction, even when serum leptin increases to supraphysiological levels and free leptin remains within the physiologic range. These findings are at odds with the reported leptin-mediated masking of the fall in circulating total T 3 and total T 4 concentrations in recently weight-reduced lean and obese subjects in a previous study (13) . It is unknown whether this discrepancy is due to a differential effect of leptin during as opposed to after weight loss or whether the apparent effect of leptin in that study (13) was due to time progression and the physiological return of thyroid hormone concentrations to baseline, which may occur within a few weeks or months after starting losing weight (14, 20) ; although, we did not observe this in our placebo-treated subjects.
We found that metreleptin administration led to the generation of anti-leptin antibodies in 56% of our hyperleptinemic obese subjects, confirming the results from an earlier weight loss clinical trial where such antibodies were detected in some 40-70% of participants on metreleptin (18) . The generation of antibodies against exogenous leptin has also been documented in human subjects with either congenital leptin deficiency or congenital lipodystrophy (10, (21) (22) (23) (24) and is not unexpected given leptin's s.c. 'immunogenic' administration in relatively high doses over a long time frame and considering that leptin may represent a novel antigen for these patients. Similar to the findings in leptin-deficient subjects (21-23), we recently reported that the antibodies in our obese subjects were not associated with neutralization of leptin's activity in vitro (25) . We also detected a trend for increasing levels of circulating soluble leptin receptors (the extracellular cleaved part of the long isoform of the leptin receptor and the main circulating leptin-binding protein). These findings are in line with our earlier short-term observations in lean individuals, in whom both calorie deprivation and pharmacological metreleptin administration independently increased circulating soluble leptin receptors, even though to a much greater extent (Otwofold) (26) . Animal in vitro and in vivo data indicate that soluble leptin receptors directly inhibit the transport of leptin across the blood-brain barrier (27) . In humans, in contrast to total leptin concentration in the cerebrospinal fluid which increases in parallel to its serum concentration over the whole physiological and pharmacological range (17, 28) , free leptin transport to the brain appears to be saturated as cerebrospinal fluidfree leptin concentration increases disproportionally less with its concentration in serum (17) . Despite increasing titers of anti-leptin antibodies and soluble leptin receptor concentrations, we report herein for the first time that the concentration of free leptin (after precipitation of bound leptin) increases in response to long-term pharmacological metreleptin administration in obese subjects. Therefore, even though more than half of the metreleptin-treated subjects developed antibodies, and although the vast majority of circulating leptin in these subjects was bound to anti-leptin antibodies, free leptin also significantly increased, indicating that metreleptin treatment can break through the development of antibodies that are thus not the main reason for the lack of leptin's efficacy.
The reasons why hyperleptinemic obese subjects, contrary to hypoleptinemic or leptin-deficient lean and obese individuals (9, 10), do not respond to exogenous leptin administration in terms of endocrine function regulation remain the focus of intense investigation but may be related to underlying leptin resistance or leptin tolerance. We propose, on the basis of these observations, that leptin has a permissive effect to regulate neuroendocrine function, which is pronounced when leptin levels are very low, indicating severe energy deprivation, less pronounced when leptin levels remain within the normal range, and essentially null when leptin levels (despite some degree of weight loss) remain within normal range indicating sufficient energy supplies. This would imply that leptin signaling is saturable but signaling studies in human tissues of interest have not been performed either in vitro or ex vivo.
This study has several limitations. The post hoc selection of subjects who achieved at least modest amounts of weight loss could theoretically raise questions as a potential source of bias, because matching metreleptin and placebo-treated groups for weight loss may have led to the selection of placebo subjects who were more sensitive to the weightreducing effect of the hypocaloric diet (for example, due to lower downregulation of the hypothalamic-pituitaryperipheral axis) or the selection of leptin-treated subjects who were less sensitive to the weight-reducing effect of leptin. Still, this specific study design was deemed necessary in order to focus only on subjects who had the greatest compliance to the dietary prescription and allowed for evaluating the role of leptin without the possible confounding from the large inter-individual variability in weight loss in response to mild caloric restriction (18) and independent of the small albeit significant effect of pharmacological leptin administration on weight loss (14, 18) .
In summary, we found that pharmacological metreleptin administration does not affect the endocrine responses to weight loss over 6 months in obese subjects enrolled in a usual medical nutrition therapy program for weight loss. These findings clarify that lack of leptin efficacy in the obese is not due to binding of leptin by antibodies and raise the possibility of central resistance or tolerance to leptin, possibly related to a permissive role leptin plays as a hormone primarily signaling energy deprivation in humans. Larger studies are needed to fully elucidate the role of leptin in regulating other neuroendocrine mechanisms in the context of weight loss in the obese.
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